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ABSTRACT 

Report No. 2757 

Laboratory apparatus fo r  studying the  ca t a ly t i c  reduction of carbon 

monoxide with hydrogen was designed, fabricated,  and operated. 

nickel-containing ca t a lys t s  were evaluated. 

m a d e  of t he  e f f e c t s  on ca t a lys t  a c t i v i t y  of several  impurit ies i n  t h e  reactant  gas, 

and of t he  f e a s i b i l i t y  of achieving the  reduction react ion without ca ta lys t .  

Vi r tua l ly  quant i ta t ive  reduction of carbon monoxide with hydrogen was 

Three d i f f e ren t  

I n  addition, a determination was 

obtained using Catalyst  C-0765-1001 under these conditions : 

3:l; space velocity,  1000 hr-'; ca ta lys t  bed temperature, 25OoC; and ca t a lys t  

bed pressure, 6.1 a t m .  

H2/C0 mole r a t io ,  
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I. CBTECTrVE 

The object ive of t h i s  program was t o  study t h e  react ion of carbon monoxide 

and hydrogen, under a v a r i e t y  of conditions, t o  y ie ld  w a t e r  and a carbon- 

containing material, preferably methane. Suf f ic ien t  data  was t o  be obtained t o  

permit a preliminary evaluation of t h i s  react ion as a s tep  i n  t h e  reduction of 

s i l i c a t e  materials ( lunar  r a w  mater ia l )  t o  produce oxygen. 

11. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

A. SUMMARY 

1. Task 1, Design 

Task 1 was devoted t o  t h e  design of bench-scale equipment f o r  

use i n  determining t h e  f e a s i b i l i t y  of t h e  f i r s t  and second s teps  i n  t h e  Aerojet 

carbothermal process for  t h e  manufacture of oxygen from lunar  minerals. 

a. A s m a l l  reactor (10 scfh of reactant  gas)  f o r  t h e  reduc- 

t i o n  of  carbon monoxide with hydrogen was designed. 

operation w a s  s t ressed  t o  provide the a b i l i t y  t o  operate a t  temperatures of 200 

t o  900 C, a t  pressures of 1 t o  7 a t m ,  and a t  hydrogen/carbon monoxide mole r a t i o s  

ranging from 1:l t o  4:l. 

Maximum f l e x i b i l i t y  of 

0 

b. A s m a l l  reactor  (50 cc rock capaci ty)  w a s  designed f o r  

t h e  reduction of na tura l  s i l i c a t e  rock with methane. A 10 kva induction furnace 

will be u t i l i z e d  t o  provide react ion temperatures up t o  2200 C .  0 

2. Task 2, Fabrication 

Task 2 was devoted t o  t h e  construction of t h e  bench-scale 

equipment f o r  t h e  study of the  second s t e p  of t h e  process ( i .e . ,  t h e  reduction 

of carbon monoxide with hydrogen). The c a t a l y s t  chamber was  fabr icated from a 

Page 1 
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Type 316 s t a i n l e s s  s t e e l  f in-tube i n  order t o  withstand t h e  high temperatures and 

high hea t  fluxes required. 

used wherever possible  i n  order t o  simplify and speed construction. 

StanCiard i n d u s t r i a l  and laboratory equipment w e r e  

3. Task 3 ,  Testing 

This t a s k  was devoted t o  proving t h a t  t h e  test  equipment would 

T e s t s  were made which demonstrated -$hat t h e  equip- 
\ 

perform according t o  design. 

ment can be operated successfully a t  temperatures from 200 t o  900°h, and a t  , 
pressures from 1.0 t o  7.0 atrn. 

sec t ions  w e r e  cont ro l lab le  t o  52OC with a d i f f e r e n t i a l  of ?2OO0C. An i n i t i a l  

charge of c a t a l y s t  w a s  successfully reduced and act ivated by flowing hydrogen 

through it a t  temperatures up t o  45OoC f o r  5 hours. 

demonstrated that t h e  equipment w a s  capable of yielding excel lent  d a t a  f o r  t h e  

intended research. 

The temperatures of t h e  three  cataly&.bed 

Three preliminary runs 

4. Task 4, Data Acquisition 

Task 4 was devoted t o  obtaining d a t a  on t h e  reduction of carbon 

monoxide with hydrogen. Three d i f fe ren t  c a t a l y s t s  were evaluated. I n  addition, 

a series of runs was made t o  determine (a)  how various impurit ies i n  t h e  reac tan t  

gas a f f e c t  c a t a l y s t  a c t i v i t y ,  and (b)  t h e  f e a s i b i l i t y  of accomplishing t h e  reduc- 

t i o n  without a c a t a l y s t .  

a. Catalyst  C-0765-1005 

A series of 26 successful data-producing runs was made 

with Catalyst  C-0765-1005 (25% N i  on 4 t o  8 mesh s i l i c a  g e l ) .  

conditions f o r  t h i s  c a t a l y s t  were found t o  be as follows: 

approximately 1000 hr-'; hydrogen/carbon monoxide mole r a t i o ,  4: 1; c a t a l y s t  bed 

pressure, 6 a t m ;  and c a t a l y s t  bed temperature, approximately 425OC. Under these  

conditions, carbon monoxide conversions w e r e  g rea te r  than 99.8$, y i e l d s  of water 

and methane were grea te r  than 9%, and y i e l d s  of carbon dioxide were less than 

1%. 
product water or  gases. 

t h e  c a t a l y s t  as carbon. 

Optimum operating 

space veloci ty ,  

N o  other  hydrocarbons o r  oxygenated compounds were found i n  e i t h e r  t h e  

L e s s  than 0.1% of t h e  carbon monoxide w a s  deposited on 

Page 2 
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b. Catalyst  C-0765-1001 

A s e r i e s  of 12 data-producing runs was made w i t h  Cata- 

l y s t  C-0765-1001 (SO$ N i  on kieselguhr, 1/8-in.-dia p e l l e t s ) .  

g rea t ly  superior  t o  Catalyst  c-0765-io05. 
obtained under the  following conditions: 

hydrogen/carbon monoxide mole r a t i o  of 4 : l ;  atmospheric pressure; and a react ion 

temperature of only 25OoC. 

reduced t o  3:l a t  6.1 atm, 1000 h r - l  space veloci ty ,  and 250°C w h i l e  s t i l l  main- 

t a in ing  nearly complete conversions (CH4 and H20 y ie lds  of gC&+, C02 y ie ld  of 

less than 1%). 

contained more than 

This ca t a lys t  was 

Nearly complete conversions were 

space ve loc i t i e s  of 2000 hr-’; 

The hydrogen/carbon monoxide mole r a t i o  could be 

A t  t he  3:l  hydrogen/carbon monoxide mole r a t i o ,  the product gas 

methane and less than 0.5% carbon dioxide. 

Pressure drop across the  ca t a lys t  was low ( l e s s  than 1 in.  
-1 

The pressure drop d id  not of water AJ? with 1000 h r  

bui ld  up with time, and no carbon was found deposited on the ca t a lys t .  The 

c a t a l y s t  was s t i l l  ac t ive  when it was removed a f t e r  110 hours of operation. 

deep (38.5 i n . )  ca t a lys t  bed was required t o  obtain nearly complete conversion of 

t he  carbon dioxide (produced i n  the  top of the ca t a lys t  bed) when the  low 

hydrogen/carbon monoxide mole r a t i o  w a s  used. 

space veloci ty  and 6.1 a t m ) .  

A 

c. Catalyst  C-0765-1003 

This catalyst ,  which contained about 154 nickel deposited 

on kieselguhr (5/32-in. extruded p e l l e t s ) ,  was found t o  be intermediate i n  

a c t i v i t y  between the  f irst  two ca ta lys t s  tes ted .  

250°C, but was q u i t e  ac t ive  a t  35OoC. Increasing the  ca t a lys t  bed temperature t o  

4OO0C did  not increase the  conversion of carbon dioxide in to  methane and water a t  
a hydrogen/carbon monoxide mole r a t i o  of 3 : 1. 

The ca t a lys t  was not ac t ive  a t  

a. Bare Tube 

A series of four runs was made without ca t a lys t  (bare 

-1 
tube)  i n  the  reactor .  

space ve loc i ty  of 550 h r  ; pressure of 6 .1  atm; hydrogen/carbon monoxide mole 

r a t i o  of 3.7:l; and temperatures of 500 t o  900°C. 

carbon monoxide conversion was only about 44% a t  70OoC; about 1.5 t o  25% of the  

conversion was  t o  carbon dioxide rather than t o  methane and water. 

These runs were made under the  following conditions: 

The data  show t h a t  t he  maximum 
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e. Impur i t i e  s 

Three s e r i e s  of runs were made with t h e  b e s t  c a t a l y s t  

(C-0765-1001) i n  which impuri t ies  were purposely added t o  t h e  reac tan t  hydrogen 

gas. 

C O S )  i n  t h e  hydrogen stream. 

3.9 wt$ of t h e  n icke l  i n  the c a t a l y s t )  w a s  charged t o  t h e  reactor .  

top  t h i r d  of t h e  r eac to r  had absorbed nearly a l l  of t h e  s u l f u r  and w a s  near ly  

deactivated,  t h e  remaining two-thirds of the  reac tor  continued t o  operate with 

only a s m a l l  decrease i n  conversion and y ie lds .  

A run of 22 hours durat ion was  made with 59 grains  of sulfur/100 scf  (as 

I n  t h i s  t i m e  more than 3 g of su l fu r  (equivalent t o  

Although the 

A run of 10 hours durati.cn w i t h  1 vol$ ni t rogen oxide (NO) 

i n  the  hydrogen r eac t an t  gas demonstrated t h a t  t h i s  ni t rogen oxide does not damage 

t h e  ca t a lys t .  However, t h e  oxide i s  reduced (75 wt$  t o  NH 
ammonia would have t o  be  removed from t h e  product gases and t h e  hydrogen recovered 

for a. l una r  process. 

25 w t $  t o  N2); t h i s  3 ,  

A run of l e s s  than 3 hours durat ion with 0.5 mole$ phos- 

phine (PX ) i n  t h e  hydrogen reac tan t  gas demonstrated t h a t  phosphorus is  a n  

a c t i v e  c a t a l y s t  poison which w i l l  have t o  be removed from the  reac tan t  gases. 

Approximately one-half of the  ca t a lys t  bed was deact ivated and i t s  pressure drop 

increased g rea t ly  during the shor t  run. 

3 

Carbon dioxide and water i n  the  amounts normally present  

i n  the  c a t a l y s t  bed w e r e  not found t o  be harmful. 

(0.5% n2) present  i n  t h e  carbon monoxide reac tan t  gas d id  not harm t h e  ca t a lys t .  

A low concentration of ni t rogen 

5. Task 5,  Process Integrat ion 

This task  w a s  devoted t o  in t eg ra t ing  t h e  various s teps  of t h e  

ove ra l l  process so  as t o  obta in  a log ica l  p lan  of development. The Aerojet  carbo- 

thermal process f o r  t h e  manufacture of oxygen from lunar  materials i s  a three-s tep 

process i n  which hydrogen and methane are continuously recycled, and oxygen and 

s l a g  are t h e  major praducts. The f i rs t  s t ep  i s  the  reduction of lunar  s i l i c a t e  

material with methane t o  form hydrogen, carbon monoxide, and s lag.  The second 

s t e p  is  t h e  reduction of t h e  carbon monoxide with hydrogen t o  y i e ld  methane f o r  

recycle  and water. The water i s  electrolyzed i n  the  t h i r d  s t e p  t o  y i e l d  oxygen 

(product ) and hydrogen f o r  recycle.  

Page 4 
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The feasibility of the second step has been thoroughly demon- 

strated in this program; equipment for the first step has been designed on this 

program and the feasibility of the process will be demonstrated on an extension 

to the program. The next logical step in the development of the process is 

integration of Steps 1 and 2 into a cmtinuous process. 

an integrated process was developed. 

A flow diagram for such 

B. COWCL5S 10x3 

1. The objectives of the program have been achieved. The feasi- 

bility of the quantitative reduction of carbon monoxide with hydrogen to form 

methane arid water utilizing a modified Fischer-Tropsch syrthesis was unequivo- 
cally demonstrate3. 

2. Reaction conditions were found which yield (a) virtually 

quantitative conversion of carbon monoxide to methane and water, (b) carbon 

dioxide in less than 1.0$0, ( e )  negligible carbon formation, (d) methane as the 

exclusive organic product, and (e) a 90% methane concentration in the product gas. 

3 .  An excellent nickel-containing catalyst was fomd which achieves 

these excellent results at low catalyst bed temperature and pressure and high 
space velocity (25OoC,  1.0 to 6.0 atm, and 1000 hr-l). 

4. The uncatalyzed reduction of carbon momxide with hydrogen does 
not produce sufficiently high yields of methane and water to whrrant further con- 

sideration. 

yield of carbon dioxide was intolerably high - 1 5  to 2’5%. 

0 Maximum carbon monoxide conversion was mly 44% at 700 C and the 

5. Sulfur and phosphorus compounds must be completely removed from 

the reactant gases prior to cantact with the catalyst bed to obtain suitable 

catalyst life. 

6. The design of a bench-scale reactor to determine the feasi- 

bility of the first step of the process (i.e., the reduction of silicate rock 

with methane to form carbon monoxide and hydrogen) is complete. 

Page 5 
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The Aerojet  carbothermal process has th ree  e s s e n t i a l  steps: (1) the  

reduct ion of s i l i c a t e  with methane t o  form carbon monoxide and hydrogen; ( 2 )  t he  

reduct ion of carbon monoxide w i t h  hydrogen t o  form methane and w a t e r ;  and (3) t h e  

e l e c t r o l y s i s  of water t o  form hydrogen and oxygen. "he process i s  cyc l i c  i n  

nature,  with t h e  nethane and hydrogen returned t o  the  system. 

1.. 

shoula be started promptly. 

The determination of t h e  f e a s i b i l i t y  of Step 1 of t h e  process 

2 .  Ihe  present  program was not ab le  t o  provide long-term a c t i v i t y  

da t a  f o r  t h e  c a d i d a t e  c a t a l y s t s  evalusted f o r  use i n  Step 2. Such da ta  can be 

obtaixied only by carrying gut t h e  react ion on a continuous bas i s  aver prolonged 

t i m e  p e r i o i s  (30 t o  90 days).  

the mcre sub t l e  e f f e c t s  of impurit ies on ca t a lys t  a c t i v i t y  and product y i e ld ,  

and more Frec ise  material balances for resctsr i ts  and products. 

development of t%e Aerojet carbothermal process requires ,  therefore ,  t h a t  t he  

carbon monoxije reduction r eac t ion  be s tudied on an increased sca l e  f o r  prolonged 

time pe r io i s ,  u t i l i z i n g  the reac t ion  da ta  determined on the  present  program as 

t h e  b a s i s  f a r  r eac to r  design and fabricat ion.  This research should be s t a r t e d  

Fromptly . 

Such a study w i l l  a l s o  provide informatian on 

The order ly  

3. Ihe separat ion of w a t e r  i n t o  i t s  elements i s  required for many 

of  t h e  chemical cycles which will find use i n  e x t r a t e r r e s t r i a l  appl ica t ions ,  

includiag Step 3 of t h e  Aerojet  carbothsrmzl Frocess. E lec t ro lys i s  appears t o  

be t h e  orily F r a e t i c a l  method far the  decomp3sition of water. 

avsilzble equipment, however, cayisot be u t i l i z e d  where l i g h t  weight i s  required 

for payload savings. I n  a d d i t i m ,  e lectrode e f f ic iency  can be improved by 

jGdicious choice of e lectrode materials. The importance of t h i s  reac t ion  re- 

quires  t h a t  it be studied pramptly. 

Commercially 

1x1. TE(-iT:,K ~ l~SC53SITi~  

Resesrzh on t he  f i r s t  increment of Contract NAS 7-225 was i n i t i a t e d  

22 Apr i l  1963 ard  e a q l e t e d  1-5 november 1963. 
tasks:  'Zssk 1, resign;  Task 2, Fabrication; Task 3, Testing; Task 4, Data 

Acquisit ion; Task 5, Process Integrat ion;  and Task 6, Reports. 

The program was divided i n t o  s i x  

'i'age 6 
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The l i t e r a t u r e  on the  reaction of carbon monoxide with hydrogen was 

studied wlth care during t h e  program period. Eue t 3  the  copious amount of work 

which has been dore on t h e  many facets of' t h i s  react ion and t h e  rapid pace with 

which t h e  program was required t o  move, it w a s  necessary t o  r e l y  heavily on 

previous literature surveys. 

found t o  be of p a r t i c u l a r  value as aids i n  locs t ing  t h e  most recer;t. per t inent  

work. 

Two literature reviews (References 1 and 2 )  w e r e  

Reference 1 contains a wealth of thermodynamic da ta  f o r  the  react ions 

and severa l  r e l a t e d  react ions producing a var ie ty  of  other  products. 

Reference 2 i s  a bibliagraphy containing 3711 abs t rac ts  of papers 

and 4017 a b s t r a c t s  of patents.  These sources were he lpfu l  i n  loca t ing  t h e  most 

recent literature (References 3 thrmgh 7) on t h e  react ion t o  form methane as a 

primary product. 

i n  t h e  design of t h e  equipment arid i n  t h e  choice of t h e  ca ta lys t s .  

appeared t o  be t h e  most recent of s ign i f icant  work orL t h e  react ion and is  repre- 

sen ta t ive  of t h e  s t a t e  of t h e  art  before t h e  present program was i n i t i a t e d .  

Invest igat ion 5137 of the  U.S. Eureau of Mines was very helpful  

This report  

Although much work was devoted t o  s tudies  by others  on the  production 

of methane, such work was directed toward object ives  which are considerably d i f -  

f e r e n t  from t h e  objectives of t h i s  program. Previous i w e s t i g a t o r s  sought a 

hydrocarbon product of commercial interest  sad had l i t t l e  regard f o r  water pro- 

duction or prec ise  material balances. Because t h i s  invest igat ion w a s  concerned 

with a react ion intended f o r  use on t h e  lunar  surface, water becme an important 

product, and l o s s  of carbon, hydrogen, and oxygen i n  t h e  reac t ion  was a c r i t i c a l  

f a c t o r  t o  be considered. These broad objectives were borne i n  mind when t h e  

l i t e r a t u r e  w a s  reviewed t o  s e l e c t  data f o r  design, construction, and operating 

conditions of the  flow apparatus. 
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B. TASKS 1 AND 2 ,  DESIGN AND FABRICATION 

1. Design of the Reactor for the Reduction of 
Carbon Monoxide with Hydrogen 

The equipment used in the study of the reaction of carbon 

monoxide with hydrogen was designed to allow maximum flexibility in operating 

conditions. 
because of its high temperature strength, resistance to corrosion, and nickel 

content. The U.S. Bureau of Mines (Reference 3 )  used carbon steel chambers in 
its laboratory scale equipment. 

Type 316 stainless steel was chosen as the reaction-chamber metal 

Figure 1 is a schematic flow diagram of the hydrogen-carbon 

monoxide reactor designed for this investigation. Heat dissipation is one of 

the major problems associated with the reaction as it is highly exothermic. 

This problem was minimized by making the reaction chamber (1)* small in diameter 
(0.527 in. ID) in relation to its length (38.5 in.). 
large surface area for cooling and a minimum distance for the reacting gases to 
travel from the center of the chamber to the cooling surface. Fins were provided 

on the outside of the tube to furnish additional cooling surface. For convenience, 

air was used as the cooling fluid. In a lunar installation, a fluid such as 

Dowtherm or a molten salt, would be recirculated through an exchanger or radiator 
to dissipate the heat of reaction. 

This design provided a 

The reaction chamber was divided into three separate sections 

for temperature control. 

unit (2) and a separate air-cooling system. 
bility for adjusting the temperature profile of the reactor as desired. 

Each section was provided with an electrical heating 

This provided the unit with capa- 

Commercial grade hydrogen and carbon monoxide from compressed 

gas cylinders were used in these studies. 
needle valves and rotameters, or orifices and manometers, were used to control 

the flow rates. 

which was operated by an automatic pressure recorder and controller (not shown). 

Two-stage pressure-reducing regulators, 

The pressure on the reactor was controlled by a motor valve (11) 

~- ~ * 
Numbers refer to coding system used in Figure 1 to label reactor components. 
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E l e c t r i c  heaters  ( 3 )  were provided f o r  each of t h e  two feed-gas 

streams f o r  c lose temperature control.  

(5), and a heater  ( 3 )  were provided f o r  t h e  gas recycle stream. 

was cooled and passed through the  condenser (8) .  
and col lected i n  a receiver  (9) and then measured (10). 

gas were col lected f o r  analysis  (12)  and t h e  o u t l e t  gas volume was measured with 

a w e t  t e s t  meter (13). 

A small gas compressor (7), a rotameter 

The o u t l e t  gas 

The condensate was separated 

Samples of t h e  o u t l e t  

Chromel-Alumel thermocouples ( 4 )  were used t o  measure t h e  

c a t a l y s t  bed temperatures. Skin thermocouples (thermocouples welded t o  the  

outs ide of the tube)  w e r e  used t o  measure t h e  intermediate bed temperatures. 

I n l e t ,  ou t le t ,  and two midpoint bed temperatures w e r e  sensed by thermocouples 

immersed i n  the  gas stream. The temperatures w e r e  measured and recorded by a 

24-point s t r i p  char t  recorder. 

Sample connections w e r e  provided a t  t h e  l/3 and 2/3 intermediate 

poin ts  i n  t h e  c a t a l y s t  bed. 

tubes welded t o  t h e  chamber w a l l .  

These connections cons is t  of 1/4-in. stainless steel 

2. Fabrication of the  Reactor f o r  t h e  Reduction of 
Carbon Monoxide with Hydrogen 

The c a t a l y s t  tube (bed) was fabricated from a 4 - f t  piece of 

5/8-in. OD, 0.049-in. w a l l ,  316 s t a i n l e s s  steel  tube. Three 1-ft sect ions of 

s t a i n l e s s  s t e e l  (serrated,  1-1/4 in .  OD, 4 f i n s / f t )  f i n s  w e r e  at tached t o  t h e  

outs ide of  the tube. Figure 2 is  a photograph of t h e  react ion uni t  under con- 

s t ruc t ion .  I n  the  photograph, t h e  lower heating u n i t  i s  being i n s t a l l e d  a t  t h e  

bottom of t h e  tube. The lower a i r  i n l e t  connection w a s  i n s t a l l e d  as shown. It 

i s  p a r t l y  covered by insulat ion.  The cooling air en ters  a t  the  bottom, flows up 

around t h e  stainless s t e e l  f i n s ,  and leaves a t  t h e  top  of each heating uni t .  

The carbon monoxide, hydrogen, and recycle gsLs preheaters can 

be seen a t  t h e  top of t h e  photograph. 

heaters were later i n s t a l l e d  on t h e  preheaters.  The product gas cooler-condenser 

(lower r i g h t  of photograph) i s  constructed of a 3-ft-long c o i l  of 3/8-in. s t a i n -  

less steel  tubing i n  a 4-in. OD s t a i n l e s s  steel  jacket .  

are made from standard l25-ml s t a i n l e s s  steel sample containers.  

E l e c t r i c  hea te rs  similar t o  the  bed 

The condensate separators  
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Figure 3 i s  a photograph of t h e  completed reac t ion  uni t .  The 

r eac to r  and preheaters  have been covered with a 3-in. l aye r  of i n su la t ion  and a 

s t a i n l e s s  steel jacket .  

and o r i f i c e s  (not shown) t o  ca l ib ra t e  t h e  flows of t h e  reac tan t  gases and t o  

measure t h e  product gas. 

was per iodica l ly  weighed. 

t o  mount t h e  major instrumentation, including reac tor  bed pressure ind ica tor -  

cont ro l le r ,  r eac to r  bed pressure drop recorder, temperature recorder (24-point 

s t r i p  cha r t  ) , reac tor  ca t a lys t  bed temperature cont ro l le rs ,  reac tan t  gas preheater  

cont ro l le rs ,  and pressure gages. Two-stage pressure-reducing regulators  w e r e  

mounted on t h e  gas cyl inders  (not shown). The two reac tan t  gas rotameters and 

o r i f i c e s  and manometers are mounted on t h e  bench rack back of t h e  panel board. 

The th ree  cooling air  rotameters and needle valves are a l s o  located on t h e  bench 

rack t o  t h e  l e f t  of t h e  reac tor  (behind t h e  panel board).  

A w e t  tes t  meter (lower r i g h t )  was used with rotameters 

The condensate was col lected i n  a 250 m l  f l a s k  which 

A panel board ( l e f t  s ide  of photograph) was i n s t a l l e d  

C .  TASK 3, TESTING 

1. Equipment Operational L i m i t s  

A s e r i e s  of shor t  tests was made on t h e  equipment i n  order t o  

determine i t s  operating l i m i t s  and charac te r i s t ics .  

preheaters  and through the  reac tor  (no c a t a l y s t )  t o  e s t ab l i sh  t h a t  reac t ion  

temperatures as high as gOO°C can be obtained. 

t h ree  c a t a l y s t  bed sect ions can eas i ly  be control led independently t o  within as 

l i t t l e  as %'OC o r  t o  as much as -2OO0C of each other .  

Argon was used through both 

The temperature on each of t h e  

4- 

The ca t a lys t  bed pressure-control system was found t o  operate 

With minor changes t h e  equip- s a t i s f a c t o r i l y  at  pressures up t o  about 90 psig.  

ment can be made t o  funct ion from 7 p s i a  up t o  265 ps i a .  

can be accurately measured and control led a t  r a t e s  as l o w  as 0.5 scfh  and as 

high as 10 scfh.  

Reactant flow rates 

2. Catalyst  Reductions 

A f t e r  t h e  apparatus was t e s t e d  f o r  gas leaks a t  100 psig,  t h e  

The bed tempera- r eac to r  t,ube w a s  f i l l e d  with 138.5 cc (ea.  65 g )  of ca t a lys t .  

t u r e  was slowly r a i sed  t o  45OoC and then maintained between 350 and 45OoC with 

1.0 a t m  of hydrogen passing over the ca t a lys t .  These conditions were maintained 
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f o r  per iods up t o  48 hours. 

water analysis .  The water content of t h e  gas decreased with t i m e ;  c a t a lys t  

regenerat ion was considered complete when t h e  water content of t h e  gas dropped 

below 0.1 ~ 0 1 % .  Hydrogen (60 p s i g )  was maintained i n  t h e  apparatus when it was 

not i n  operation. 

A sample of e x i t  gas was taken per iodica l ly  f o r  

3. Preliminary Runs with Carbon Monoxide .and Hydrogen 

Several  highly successful preliminary t e s t  runs were made 

using Catalyst  C-0765-1005. These data  a r e  presented i n  Tables 1, 2, and 3. 
These preliminary runs were made with a 4 : l  hydrogen/carbon monoxide mole r a t i o  

(2 sc fh  of hydrogen and 0.5 scfh of carbon monoxide) a t  1.0 a t m .  

t u r e  p r o f i l e s  i n  t h e  c a t a l y s t  chamber w e r e  i r r egu la r  but  t h e  conversions and 

y i e l d s  were good. 

ind iv idua l  component balances, however, w e r e  not as good, ind ica t ing  t h a t  t h e  

operating and ana ly t i ca l  techniques needed t o  be improved. 

The tempera- 

The ove ra l l  material balances w e r e  excel lent  ( t o  +l$). The 

The operat ing data  f o r  t h e  three preliminary runs are presented 

i n  Table 1; Table 2 presents  the product gas analyses (mass spectrometer). 

hydrogen concentration i n  t h e  product gas var ied from about 63 t o  70% and t h e  

methane concentration from about 25 t o  33%. 
monoxide mole r a t i o ,  t h e  composition should be 50% methane and 50% hydrogen. 

The carbon monoxide concentration vsried from about 0.5 t o  0.2%, corresponding 

t o  carbon monoxide conversion of 98.6 t o  99.4%. The carbon dioxide consentra- 

t i o n  var ied from about 5 t o  1%. Only inconclusive t r aces  of C2 or heavier hydro- 

carbons were r a r e l y  found i n  the  product gas. The water which w a s  condensed from 

t h e  product gas was c l e a r  and color less ;  vapor-phase gas chromatographic ana lys i s  

showed t h a t  no carbon-containing compounds w e r e  present .  

The 

Ideal ly ,  with a 4:l hydrogen/carbon 

Table 3 presents  t he  material balances and conversions f o r  t h e  

Carbon monoxide conversions were very good (98.6 t o  99.4%). runs. 

methane w e r e  f a i r l y  good (81.7 t o  94.1%). 
90.1%) and y ie lds  of carbon dioxide were g ra t i fy ing ly  low (3.2 t o  10.8$), com- 

pared with up t o  25 o r  30% reported i n  t h e  literature. R u n  5, with low tempera- 

tures i n  t h e  top  sec t ion  and high temperatures i n  t h e  bottom sec t ion  of t h e  bed, 

was found t o  give better y i e lds  of methane and water than Runs 8 and 9, i n  which 

t h e  temperatures w e r e  a l l  a t  300 C o r  lower. 

Yields of 

Yields of water were good (85.5 t o  

0 
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D. TASK 4, DATA ACQjJISITIQN 

Three d i f f e ren t  ca t a lys t s  were invest igated i n  order t o  determine t h e  

most e f f i c i e n t  one ava i lab le  fo r  reducing carbon monoxide i n t o  methane and water. 

The e f f e c t s  of a bare tube on t h e  react ion were explored, and the e f f e c t s  of 

impuri t ies  i n  t h e  feed upon t h e  ca t a lys t  were invest igated.  These s tudies  w i l l  

now be discussed i n  t h e  order i n  which they were ca r r i ed  out. 

1. Catalyst  C-0765-1005 

A series of 26 successful data-producing runs was m a d e  ( R u n s  

10 t o  13, 18 t o  33, and 35 t o  41)  with t h e  C-0765-1005 ca t a lys t  (25% N i  on 

4 t o  8 mesh s i l i c a  g e l ) .  

and 6, and Figures 4 t o  9. 
The data f o r  these  runs a r e  presented i n  Tables 4, 5, 

a.  TemFerature 

Figure 4 i s  a p l o t  of  t h e  da ta  showing how c a t a l y s t  

temperature a f f e c t s  carbon monoxide conversion and y i e lds  a t  a 4 : l  hydrogen/ 

carbon monoxide mole r a t i o  a t  atmospheric pressure and a 500 hr 

I n  t h i s  p l o t  t h e  normalized y i e lds  were used (see Table 6 and discussion under 

Material Balances ). 

-1 space ve loc i ty .  

There a re  a t  least two routes  which t h e  reac t ion  of 

carbon monoxide and hydrogen t o  y ie ld  methane can follow: 

(1 1 2 co + 2 E12 +CH4 + co2 AH = -61.12 Kcal* 

CO + 3 H2 4 C H 4  + H20 AH = -51.31 Kcal* (2) 

Reaction (1) y ie lds  carbon dioxide and Reaction ( 2 )  y i e lds  water as t h e  secondary 

products. An excess of hydrogen enhances t h e  formation of t he  products of 

Reaction ( 2 )  by promoting Reaction ( 3 ) ,  which consumes t h e  carbon dioxide 

produced by Reaction (1). 

C02 + 4 H2 /CH4 + 2 Fi20 AH = -41.50 Kcal* ( 3 )  

* 0 Heat of reac t ion  calculated a t  227 C using J A "  data.  
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The da ta  i n  Figure 4 show t h a t  as the temperature i s  increased from 350 t o  425OC, 

t h e  y i e l d  of methane and water increased and t h e  carbon dioxide y i e l d  decreased. 

This would occur normally due t o  an increase i n  the  react ion rate with tempera- 

ture. 

y i e l d  of carbon dioxide increased. This change ind ica tes  t h a t  e i t h e r  t h e  cata-  

l y t i c  a c t i v i t y  of t h e  C-0765-1005 ca ta lys t  changes i n  such a manner as t o  favor 

carbon dioxide formation above 425 C ,  o r  t h e  chemical equilibrium f o r  t h e  overa l l  

reac t ion  s h i f t s  i n  favor of carbon dioxide formation a t  the  higher temperatures. 

The la t te r  seems unlikely as t h e  formation of carbon monoxide, r a t h e r  than carbon 

dioxide, is  favored by high temperature. 

However, above 425OC t h e  yield of  methane and water decreased and t h e  

0 

The second charge of c a t a l y s t  (dotted l i n e s  i n  Figure 4) 
appeared t o  be more ac t ive  than t h e  f i r s t  charge which was heated t o  higher 

temperatures i n  t h e  preliminary runs. Excellent y ie lds  of 98 t o  99% water and 

methane, and less than 1% carbon dioxide, were found t o  be obtainable with 

ac t ive  c a t a l y s t .  

b. Pressure 

Figure 5 shows t h e  e f f e c t  of  c a t a l y s t  bed pressure on 

carbon monoxide conversion and yields.  

C-0765-1005 with a 4 : l  hydrogen/carbon monoxide mole r a t i o ,  a 1000 h r  

veloci ty ,  and a 45OoC bed temperature. 

monoxide conversion was v i r t u a l l y  complete a t  1 a t m ;  r a i s i n g  the  bed pressure 

t o  6 o r  7 a t m  increased t h e  carbon monoxide conversion only s l i g h t l y .  

increasing t h e  bed pressure had a dramatic e f f e c t  on product d i s t r ibu t ion:  

water y i e l d  increased from 85 t o  99+$; t h e  methane y i e l d  increased from 93 t o  

9 9 % ;  and t h e  carbon dioxide y i e l d  decreased from 7% t o  less than 0.5%. 

A s e r i e s  of runs was made with Catalyst  
-1 

space 

Under these conditions, the  carbon 

However, 

t h e  

I n  comparing t h e  carbon monoxide conversion i n  t h e  runs 

previous t o  Run 25 with those after Run 25, t h e  da ta  show t h a t  t h e  l a t e r  runs 
appear t o  have better carbon monoxide conversions. 

conversions i n  t h e  f irst  25 runs a r e  believed t o  be s l i g h t l y  low. The method of 

analyzing f o r  carbon monoxide i n  t h e  product gas w a s  changed from mass spectro- 

photometry t o  gas chromatography a f t e r  Run 25. It w a s  found t h a t  there  was a 

s m a l l  amount of  nitrogen i n  t h e  carbon monoxide feed. This nitrogen passed 

The ac tua l  carbon monoxide 

Page 13 



I11 Technical Giscussim, D (cmt. ) Eeport No. 2757 

through the catalyst unchanged and caused the mass spectrometric analysis for 

carbon monoxide to be 0.2 to 0.3% high. 

carbon monoxide from nitrogen and is sensitive to about 0.01% carbon monoxide. 

The mass spectrograph cannot perform a similar analysis nearly as easily and 
wa5 not used f o r  this determination after R u n  25. 

The gas chromatograph separates the 

c . Hydrogen/Carbon Monoxide Mole Ratio 

Figure 6 shows the effect of lowering the hydrogen/carbon 
Two series 

space velocity, and one 

monoxide mole ratio on carbon monoxide conversion and product yields. 

of runs were made, one at 1.0 atrn pressure and a 500 hr 

at 6.1 atm pressure and at 1000 hr 
carbon monoxide mole ratio from 4:l to 3.1:l  (at 500 hr 
1.0 atm) lowered the water and methane yields severely (95.9% to 78.5%, and 98.1% 
to 88.4%, respectively) while increasing the carbon dioxide yield 5-fold (2.1 to 
10.9%). At the same time the methane concentration of the product gas increased 
from 48.9 to 56.8% (see Table 5, R u n s  20 and 21), a relatively small change. 

-1 

space velocity. Lowering the hydrogen/ 
-1 space velocity and 

-1 

-1 The series of runs made at 1000 hr space velocity and 
Increasing the pressure at 6.1 atm catalyst bed pressure gave similar results. 

to 6.1 atm more than offset the increase in space velocity from 500 hr-' to 

1000 hr-', so that the methane and water yields did not drop off quite as fast 
with decreasing hydrogen/carbon monoxide mole ratio as it did with the 1.0 atm 

runs. 
were required to reduce the carbon dioxide yield to an acceptable level (1 to 2%). 

At either pressure, hydrogen/carbon monoxide mole ratios of about 4:l 

Product gas composition (dry basis) is directly affected 

by the hydrogen/carbon monoxide mole ratio used. 

feed gas ratio would yield 100% methane and @ hydrogen, and a 4:l ratio would 
yield 50% methane and 50% hydrogen. 
upon catalyst activity, space velocity, pressure, temperature, etc. Figure 7 
shows how the actual product gas composition varied vs hydrogen/carbon monoxide 

mole ratio for Catalyst C-0765-1005 at 45OoC, 6.1 atm, and 750 to 1000 hr-I 
space velocity. 

theoretical, but as the hydrogen/carbon monoxide mole ratio was lowered the 

For ideal conversion, a 3; 1 

The actual product gas composition depends 

At a 4:l ratio the product gas (46% CH4, 54% H2) approached 
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product gas composition moved f a r the r  and f a r t h e r  from the  theo re t i ca l .  

3.05:l r a t i o  t h e  product gas composition was only 6% methane and 25% hydrogen 

( t h e o r e t i c a l  composition, 98.4% CH4 and 1.6% H2). 
carbon dioxide i n  t h e  product gas increased rap id ly  as t h e  hydrogen/carbon 

monoxide mole r a t i o  was decreased. 

A t  a 

Both carbon monoxide and 

d. Space Velocity 

Space veloci ty ,  as used i n  t h i s  report ,  i s  defined as 

t h e  reac tan t  flow rate ( sc fh )  divided by t h e  tube volume containing the  ca t a lys t  

(cu f t ) .  Increasing t h e  space veloci ty  from 500 t o  1000 hr-l (a t  1.0 a t m ,  4 : l  
r a t i o ,  and 4 5 O o C )  was found (see Figure 8 )  t o  decrease water and methane y i e ld  

appreciably (95.9 t o  89.4$, and 98.1 t o  90.3%, respec t ive ly)  while d r a s t i c a l l y  

increasing the  carbon dioxide y i e ld  (2.1 t o  9.2%). The methane content of t h e  

product gas a l s o  f e l l  (from 48.9 t o  33.7%). 
(a t  4:l r a t i o  and 4 5 O o C ) ,  it was found possible  t o  obtain low carbon dioxide 

y i e lds  a t  three  t i m e s  t he  space ve loc i t i e s  (see Figure 9)  used a t  1.0 a t m .  

Figure 8 shows how increasing space veloci ty  a f f e c t s  carbon dioxide y i e lds  with 

severa l  l o w  hydrogen/carbon monoxide mole r a t i o s .  

A t  c a t a lys t  bed pressure of 6.1 atm 

e. Material  Balance 

The ove ra l l  material balances (see Table 6 )  var ied from 

I n  t h e  majority of cases t h e  low material balances are due t o  water 94 t o  103%. 

absorbed or condensed out  on t h e  ca t a lys t .  

s t a t i o n s  on t h e  ca t a lys t  bed which a re  below t h e  w a t e r  dew point.  

temperatures are caused by t h e  cooling air  which i s  required t o  keep t h e  reac t ing  

zones a t  t h e  des i red  temperature. 

zone is  then cooled below t h e  desired temperature. 

problem w i l l  be eliminated by providing more cooling f l u i d  i n l e t s  so t h a t  only 

the  des i red  sec t ions  will be cooled. 

There are usually a t  least one or two 

The low 

The sec t ion  of c a t a l y s t  below t h e  reac t ing  

I n  fu tu re  p l an t  designs t h i s  

Although ra ther  good mater ia l  balances were obtained 

(+5$), t h e  r a the r  small changes i n  water and methane y i e lds  vs an independent 

var iab le  w e r e  sometimes p a r t l y  obscured by t h e  d i f fe rence  i n  mater ia l  balance. 
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Because t h e  mater ia l  balarces vary somewhat sbove and below 100% and because t h e  

y i e lds  are d i r e c t l y  affected by mater ia l  balance, it is  believed t h a t  it i s  

proper t o  normalize the  y ie lds  t o  10% elemental balance. 

Three d i f fe ren t  methods may be used t o  ca l cu la t e  product 

The pe r  pass y i e l d  i n  the case of methane i s  (moles of CH /moles of G O )  y i e lds .  

(100); t h e  ac tua l  o r  ult imate y i e l d  i n  t h i s  case i s  (moles of CH4/moles of C 3  - 
moles of CO unconverted) (100). Due t o  t h e  inherent e r r o r s  i n  operating t h e  

apparatus with cont inumsly metered inputs and outputs, and with only i n t e r -  

mi t ten t  sampling of gases for analysis,  it i s  possible  t h a t  a y i e ld  calculated 

by t h e  above two methods may exceed 10%. Because a l l  of t h e  pro3uct appeared 

e i t h e r  i n  t h e  gaseous phase or as  condensed water, as indicated by t h e  analysis  

of t h e  ca t a lys t  bed after operation, t h e  va l id  assumption was m a d e  t h a t  calcu- 

lated mater ia l  balances f o r  t h e  elements were i n  e r r o r  by t h e  amount they deviated 

from 100%. 

s ign i f i can t  y i e l d  by making use o f  t h i s  assumption. 

4 

Consequently, t h e  ac tua l  y i e ld  of any product was converted t o  a more 

An example of t h i s  conversion w i l l  now be given f o r  

Run 13 (Table 6) .  
Bowever, t h e  material balance f o r  carbon was calculated t o  be 104% because the 

t o t a l  carbon i n  the  products w a s  found t o  be 7.469 g per hour whereas t h e  input 

r a t e  w a s  only 7.17 g o f  carbon per hour. 

of t he  7.469 g of t g t a l  carbon. 

must be divided by 1.04 t o  br ing the  t o t a l  carbon i n  the product down t o  equal 

7.17 g. 

fac tor .  

balance of major element) (100). 

The ac tua l  y i e l d  o f  methane was calculated t o  be 98.0%. 

The methane carbon amounted t o  6.954 g 

The mount  of carbon i n  esch of t h e  products 

Consequently, t h e  methane actual  y i e l d  must a l s o  be reduced by t h i s  

The normalized y i e ld  i s  thus calculated a s  ( ac tua l  yield/% mater ia l  

The oxygen balance was used t o  normalize t h e  water y i e ld  

because most of t h e  oxygen i n  the  react ion products was contained i n  t h e  water; 

t h e  carbon balhnce was used t o  normalize t h e  methane y i e l d  because nearly a l l  

of t h e  carbon i n  t h e  reac t ion  products w a s  contained i n  the  methane. 

t h e  d i f fe rences  between t h e  ac tua l  y i e l d s  and normalized y ie lds  were small, t h e  

normalized y i e l d s  gave a smoother p lo t  of  t h e  data than d id  the ac tua l  yields .  

Although 
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Also, t h e  normalized y ie lds  approximated more closely t h e  methane and water re- 

l a t i o n s h i p  which i s  expected when only methane, water, and carbon dioxide are 

formed. 

The mater ia l  balances were not corrected f o r  t h e  very 

s m a l l  amount of  carbon t h a t  w a s  deposited on t h e  ca ta lys t .  

c a t a l y s t  after t h e  completion of Run 13 showed t h a t  an ins igni f icant  mount of 

carbon (0.1%) was deposited on t h e  top t h i r d  of t h e  bed. 

Analysis of t h e  

f .  Heat Balance 

The equipment used i n  these s tud ies  w a s  not designed t o  

Accurate heat balances are extremely d i f f i c u l t  t o  

However, the  overa l l  heat of 

give accurate heat balances. 

obtain i n  small p i l o t  and bench-scale experiments. 

reac t ion  of t h e  process can be easily calculated from well-known reactions such 

as those exemplified by Equations (l), (2) ,  and (3). I n  the  apparatus used i n  

t h i s  study almost a l l  of t h e  heat  of react ion w a s  given off  i n  the  top t h i r d  of 

t h e  c a t a l y s t  bed. This was b e s t  shown by t h e  amount of cooling a i r  required i n  

t h e  t h r e e  sections.  I n  none of t h e  runs was any cooling a i r  required i n  t h e  

lower o r  middle t h i r d  of t h e  reactor  beds, while t h e  top  t h i r d  required up t o  

40 scfh  ?f 25OC a i r  t o  control  the  ca ta lys t  bed a t  the  desired temperature (250 

t o  5OOOC). 

g-  Pressure Grop 

The pressure drop across t h e  c a t a l y s t  bed w a s  qu i te  low 

i n  all runs when t h e  c a t a l y s t  was f a i r l y  new (see Table 7, Runs 8, 22, 24, 26, 
and 35). However, after t h e  ca ta lys t  had operated f o r  appreciable lengths of 

t i m e  a t  high temperatures and a t  low hydrogen/carbon monoxide mole r a t i o s ,  t h e  

carbon deposit ion on t h e  c a t a l y s t  great ly  increased t h e  pressure drop (see 

Table 7, Runs 13, 33, and 42).  The pressure drop measurement w a s  t h e  b e s t  indi-  

c a t i o n  of carbon buildup on t h e  ca ta lys t .  

h. Catalyst  Life 

The useful l i f e  of Catalyst  C-0765-1005 was not accu- 

r a t e l y  determined i n  these tests.  Zowever, judging by the  r a t e  of pressure drop 

Page 17 



1 
I 
II 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

111 Technical Discussion, D (cont . )  P.eport No.  2757 

increase across the  ca t a lys t  bed during t h e  various runs, i t s  useful  l i f e  would 

be somewhat l imi ted  a t  t h e  l o w  hydrogen/carbon monoxide mole r a t i o s  (less than 

3.75:l) and high space ve loc i t i e s  (over 1000 h r - I ) .  

increase i n  pressure drop was caused by carbon deposit ion on t h e  ca ta lys t .  For 
-1 example, i n  R u n  41, with a 3.69:1 r a t i o  and a 1480 h r  space veloci ty ,  t he  

pressure drop increased from 7.0 t o  9.5 in .  of water i n  4 hours, a rate of 

about 8% per hour. 

measurable pressure drop was noted i n  severa l  days of operation. Carefully 

control led tests of long durat ion w i l l  be required t o  determine useful  ca t a lys t  

l i f e .  

It i s  bel ieved t h a t  t h e  

A t  a 4:1 r a t i o  and a 500 hr-’ space ve loc i ty ,  however, no 

i. Catalyst  Bed Depth 

These runs were made with a r e l a t i v e l y  deep c a t a l y s t  

bed (38.5 i n . )  as compared t o  4 t o  12 in .  f o r  most of t h e  inves t iga t ions  found 

i n  t h e  l i t e r a t u r e .  This may, i n  part, be t h e  reason why such high conversions 

t o  desired products w e r e  obtained i n  t he  work reported herein.  

note i s  t h e  reconversion of carbon dioxide i n t o  methane and water. 

O f  p a r t i c u l a r  

Table 8 presents representa t ive  gas analyses of samples 

taken f r o m  the intermediate ca t a lys t  bed sample poin ts .  These d a t a  ind ica te  

t h a t  although v i r t u a l l y  a l l  of t h e  carbon monoxide was converted i n  the  top 

sec t ion  of t h e  bed, t h e  lower 2 f t  o f  t h e  bed were required t o  convert t h e  

carbon dioxide formed i n  t h e  top 1 f t  of t h e  bed i n t o  methane and water. 

a b i l i t y  t o  convert carbon dioxide t o  required product i s  most important. 

e f f o r t  was made t o  e l iminate  t h i s  undesired by-product from t h e  product gas. 

This 

Every 

2. Catalyst  C-0765-1001 

A series of 1 2  data-producing runs was made ( R u n s  45 t o  49, 
and 51 t o  57) with a second kind of ca t a lys t ,  c-0765-1001 (50% N i  on kieselguhr,  

1/8 in .  p e l l e t s ) .  

11, and Figures 10 t o  1.3. This ca t a lys t  w a s  so superior  t o  t h e  first c a t a l y s t  

(C-0765-1005) t e s t e d  t h a t  nearly a month was spent evaluating it ra the r  than 

inves t iga t ing  severa l  o ther  ca ta lys t s ,  a s  o r ig ina l ly  planned. 

The da ta  f o r  these runs are presented i n  Tables 9, 10, and 
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a. Temperature 

Time d id  not permit a thorough study of t h e  e f f e c t  of 

c a t a l y s t  bed temperature with Catalyst C-0765-1001. 
noted as low as 2OO0C and t h e  ca ta lys t  w a s  found t o  be very a c t i v e  a t  250°C so 

t h a t  very excel lent  conversions were obtained. 

made a t  a nominal c a t a l y s t  bed temperature of 25OoC, except Run 57 which w a s  

made a t  350°C. 

increasing the temperature a t  a 3:l hydrogen/carbon monoxide mole r a t i o  and a 

1.500 h r  space velocity;  contrary t o  expectations, t h e  conversion of carbon 

dioxide t o  methane and water decreased as t h e  temperature w a s  increased. 

Some c a t a l y s t  a c t i v i t y  was 

Therefore, a l l  of t h e  runs were 

An attempt w a s  made during Run 57 t o  increase t h e  conversion by 

-1 

b. Pressure 

The f i r s t  nine runs were made a t  atmospheric pressure. 

The conversions were nearly complete a t  a 4:l r a t i o  even with space v e l o c i t i e s  

of 2000 hr  . 
4-1 ullc; - 

sure.  The last  three runs w e r e  made a t  6.1 a t m  t o  approach complete conversion 

a t  a 3:l r a t i o .  I n  comparing Runs 54 and 55 (see Table 10)  it can be seen t h a t  

increasing the  pressure from 1 t o  6 atm decreased t h e  carbon dioxide y i e l d  from 

0.8 t o  0.4% and correspondingly increased t h e  y ie lds  of water and methane. 

-1 It w a s  only a t  lower hydrogen/carbon monoxide mole r a t i o s  t h a t  

conversions decreased s u f f i c i e n t l y  t o  require  r a i s i n g  the  c a t a l y s t  bed pres- 

c. Bydrogen/Carbon Monoxide Mole Ratio 

The e f f e c t  of k;ydrogen/carbon monoxide mole r a t i o  on 
-1 conversion and y i e l d s  can be seen i n  Figure 10. 

a t  250°C, and 1.0 a t m ,  the  C-0765-1001 c a t a l y s t  gave complete conversion of 

carbon monoxide and carbon dioxide u n t i l  the  hydrogen/carbon monoxide mole r a t i o  

w a s  decreased t o  less than 3 . 5 ~ 1 .  The carbon monoxide conversion remained com- 

p l e t e  but t h e  carbon dioxide y i e l d  increased; a t  a 3:l r a t i o  t h e  carbon dioxide 

y ie ld  was approximately 2%. 

A t  a space ve loc i ty  of 1000 hr , 

A reaction, performed under similar conditions using a. 

1:l r a t i o ,  i n i t i a l l y  yielded a 1:l mole r a t i o  mixture of methane and carbon 

dioxide. 

re lease  and carbon deposit ion on t h e  c a t a l y s t .  

The reac t ion  gradually went out of control  due t o  excessive heat 
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The e f f e c t  of hydrogen/carbon monoxide mole r a t i o  on t h e  

product gas composition can be seen from Figure 11. No carbon monoxide could be 

detected i n  t h e  o u t l e t  gas f o r  any of these  runs. 3vJithi.n t h i s  range, the  carbon 

dioxide content of the  gas increased logarithmically as t h e  hydrogen/carbon 

monoxide mole r a t i o  w a s  decreased below 3 . 5 ~ 1  ( t o  ca. 1 .5% a t  3 f l j .  
reLica l  product y ie ld  a t  a 3 : l  r a t i o  i s  1 O q 0  methane, VO hydrogen. 

1001 c a t a l y s t  gave 86% methane, 13% hydrogep a t  t h e  3:l r a t i o .  

bet ter  than the  68% methane, 28% hydrogen obtained using t h e  C-0765-1005 c a t a l y s t  

a t  the  same mole r a t i o  and space velocity,  and a t  higher temperature and pressure.  

The theo- 

The C-0765- 
This w a s  much 

d.  3psce Velocity 

Figure 12  shows how the  space veloci ty  a f f e c t s  the  y i e l d  

of carbon dioxide under various conditions with t h e  12-0765-1001 ca ta lys t .  

4:l r a t i o ,  no carbon dioxide was formed a t  space v e l o c i t i e s  up t o  2000 h r  

a 3: l  r a t i o ,  t h e  carbon dioxide yield increased rapidly as t h e  space veloci ty  

was increased above 1000 h r  . 

A t  a 

. -1 A t  

-1 

e. Material Balance 

With t h e  exception of two runs, a l l  overa l l  material 

balances f o r  t h e  runs with t h e  C-0765-1001 c c t a l y s t  /see Table 11) were under 

10H0. Most of t h e  l o w  mater ia l  balances can be s t t r i b u t e d  t o  low w a t e r  recov- 

eries. Because t h e  c a t a l y s t  i s  known t o  be a good adsorbant for water, it has 

been hypothesized that  some of the  Walter i s  slowly adsorbed an the  c a t a l y s t .  I n  

order t o  prove t h a t  t h i s  w a s  t h e  case, a long duration run ( R u n  49) qas made 

(see Figure 13). 
gradually increased throughout t h e  run (dot te3 l i n e ) .  

water production rate a s  19.2 g/hour (ea.  96% of t h e o r e t i c a l ) .  A t  t h e  r a t e  of 

increase of water production (0.01 glhour), it would have taken about 100 hours 

before the ac tua l  water production r a t e  equalled t h e  t h e o r e t i c a l  production r h t e .  

For long runs, the water balance should be no problen and it i s  hypothesized 

t h a t  the s m a l l  amount of water adsorbed on t h e  c s t a l y s t  may help t o  preverlt 

carbon formation. 

The water production, which f luctuated about 20.5 g/hour, 

After 39 h o w s  the  l i q u i d  
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f .  Heat Balance 

I n  a l l  runs the majority of t h e  heat was released i n  t h e  

top t h i r d  of t h e  bed; however, i n  several  runs a t  high space ve loc i ty  (1500 or 

200 h r  

release took place i n  t h e  second t h i r d  of t h e  c a t a l y s t  bed t o  requi re  some cooling. 

A t  t he  highest  space ve loc i t i e s  (1500 and 1000 h r  ), temperature cont ro l  was very 

d i f f i c u l t ,  due t o  t h e  l a rge  amount of c o d i n g  a i r  required (up t o  100 s c f h )  t o  

maintain t h e  nominal ca t a lys t  bed temperature. I n  fu tu re  designs t h i s  problem 

w i l l  be solved e i t h e r  by providing multiple carbon monoxide en t ry  poin ts  or by 

providing mult iple  cooling f l u i d  entrances. 

-1 ) and/or low hydrogen/carbon monoxide mole r a t i o s  (3:1), enough heat  

-1 

g. Fressure Crop 

The pressure drop across  the  ca t a lys t  bed with t h e  

p e l l e t i z e d  C-0765-1001 c a t a l y s t  wits much lower (1/2 t o  1/4 as  much a t  the  same 

space ve loc i ty  and pressure)  than it had been with t h e  4 t o  8 mesh C-0765-1005 

c a t a l y s t  (see Table 12  1. 
The pressure drop did not go up with t i m e  even a t  hydrogen/ 

carbon monoxide mole r a t i o s  as  low as 3:l.  
without shutdown; t h e  pressure drop d i d  not increase a measurable amount during 

t h i s  prolonged period. The absence o f  a pressure buildup indicated no carbon 

deposi t ion and a long, useful  ca ta lys t  l i f e .  

R u n  No. 49 was continued f o r  31 hours 

h. Catalyst  Life 

Catalyst  C-0765-1001-1 was s t i l l  ac t ive  when it w a s  

removed after 14 runs (110 hours). 

analyses on t h e  ca t a lys t  before  and bfter use showed no carbon deposit ion.  

A s  can be seen from the  t abu la t ion  below, 

Carbon Content of 
Catalyst  c-0765-1001-1 

Time (hr) ( w t $ )  

0 5.08 

110, Top 1/3 5.02 

110, Mid l/3 5.11 
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A s  s t a t ed  previously, there  was no pressure buildup during the  run so  t h i s  would 

not be a l imi t ing  f ac to r  on the  l i f e  of  the ca ta lys t .  However, impurit ies i n  the  

feed (discussed l a t e r )  may prove t o  be t h e  l imi t ing  f ac to r  i n  t h e  l i f e  of t h i s  

ca t a lys t .  Temperature control  i s  a lso very v i t a l  because carbon i s  de f in i t e ly  

deposited on the  ca t a lys t  a t  higher (40OoC and up) temperatures. 

would probably be extended i f  t he  ca ta lys t  bed operating temperatures w e r e  s t a r t ed  

low when the  ca t a lys t  i s  new and act ive and then gradually ra i sed  a s  t h e  ca t a lys t  

a c t i v i t y  declines.  

Catalyst  l i f e  

i. Catalyst  Bed Depth 

A t  low space ve loc i t i e s  only the top inch o r  two of the  

ca t a lys t  bed was involved i n  the  major port ion of the  react ion.  A s  the  space 

ve loc i ty  was increased more and more of t he  bed was involved un t i l ,  a t  very high 

space ve loc i t i e s  and low hydrogen/carbon monoxide mole r a t i o s  (Runs 55 and 57), 
t he  f u l l  length of t he  ca t a lys t  bed was not able  t o  achieve complete conversion 

of carbon dioxide in to  methane and water. This is bes t  shown by carbon dioxide 

gradients i n  the  reac tor  taken f o r  t h e  various runs as reported i n  Table 13. 

Two additional advantages of a deep ca t a lys t  bed are:  

(1) it allows f o r  a margin of safety as the  ca t a lys t  ages and becomes less act ive;  

and (2 )  it allows the  top  of the  bed t o  a c t  a s  a guard chamber t o  remove various 

ca t a lys t  poisons. 

3.  Catalyst  C-0765-1003 

A t h i r d  and f i n a l  ca ta lys t ,  C-0765-1003 (15% nickel deposited 

on kieselguhr, 5/32 in .  extruded p e l l e t s )  w a s  evaluated. The da ta  a r e  presented 

i n  Tables 14, 15  and 16 (Runs 60 and 61 only).  

a. Temperature 

The f i r s t  run was m a d e  a t  250°C and almost no conversion 

was obtained. 

hydrogen/carbon monoxide mole r a t i o  a t  6 .1  a t m  and a 1000 h r  

During Run 61 the  temperature was raised t o  nearly 4OO0C i n  an e f f o r t  t o  get  

good conversions a t  a 3:l r a t i o .  

yield,  95% CHq y i e ld ) .  

A t  35OoC ( R u n  60) excellent conversions were obtained a t  a 4 : l  
-1 space veloci ty .  

Only f a i r  conversions were obtained (90% H20 
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b. Pres s ure 

The runs were made a t  6.1 a t m  i n  an 

mum conversions. 

c. Hydrogen/Carbon Monoxide Mole Ratio 

Good conversions were achieved a t  a 

fair  conversions were obtained a t  a 3:l r a t i o .  

d. Space Velocity 

Report N o .  2757 

attempt t o  get  m a x i -  

4:l r a t i o ,  but only 

-1 Only a medium space veloci ty  (1000 h r  ) w a s  t r i e d .  Cata- 

l y s t  C-0765-1003 w a s  less ac t ive  than Catalyst  C-0765-1001; no other  space 

v e l o c i t i e s  were evaluated. 

e. Materisl  Balance 

The material balances w e r e  excel lent  for t h e  runs with 

Catalyst  C-0765-1003. 
an extent  as it was on Catalyst  C-0765-1001. 
balances. 

Water was not held up on t h e  c a t a l y s t  t o  nearly as grea t  

This resu l ted  i n  b e t t e r  mater ia l  

f .  Heat Balance 

Most of the  heat  was released i n  t h e  top  t h i r d  of the  

c a t a l y s t  bed; however, ar, appreciable amount of heat w a s  a l s o  released i n  t h e  

middle t h i r d  of t h e  c a t a l y s t  bed during Run 61 car r ied  out with a 3:l r a t i o .  

g. Catalyst  Life  

The runs were too  shor t  t o  determine c a t a l y s t  l i f e ,  

However, temperature changes during the runs did ind ica te  t h a t  t h e  top  t h i r d  of 

t h e  bed had started t o  lose  some a c t i v i t y .  

h. Catalyst  Bed Depth 

This ca ta lys t  w a s  less a c t i v e  than Catalyst  C-0765-1001 
so t h a t  more of t h e  bed depth w a s  used for conversion a t  comparable space 

v e l o c i t i e s  and hydrogen/carbon monoxide mole r a t i o s .  
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4. Impurit ies i n  t h e  Feed Gas 

Most ca t a lys t s  a r e  known t o  be subject  t o  poisoning by various 

impuri t ies .  

it was necessary t o  determine the  extent t h a t  these  and other  poisons can be 

t o l e r a t e d  i n  t h e  reac tan t  gases. 

Nickel i s  known t o  be poisoned by su l fu r  and phosphorus. Therefore, 

a. Sul fur  

Almost any form of su l fu r  i n  the  reac tan t  gases w i l l  be 

converted t o  nickel  su l f ides  and thereby poison t h e  ca t a lys t  and reduce i t s  

a c t i v i t y .  

and i ts  s t a b i l i t y  i n  steel  gas cylinders.  A high concentration of su l fu r  i n  

the  hydrogen reac tan t  gas (0 .1  vel$ COS or 59 grains  of su l fu r  per  100 s c f )  was 

used i n  these  tests. This concentration i s  approximately 1000 t i m e s  t he  normal 

allowable l i m i t  of su l fu r  i n  t h e  feed gas t o  Fischer-Tropsch uni t s  and permitted 

t h e  extent  of su l fu r  poisoning of the  ca t a lys t  t o  be determined i n  a r e l a t i v e l y  

shor t  t i m e  (22 hours).  

Carbonyl s u l f i d e  (COS) was se lec ted  f o r  evaluat ion f o r  convenience 

R u n  63b (see Tables 14, 15, and 16)  was made with f r e sh ly  

reduced C-0765-1001 c a t a l y s t  t o  provide a bas i s  f o r  comparison a t  a f a i r l y  high 

space ve loc i ty  and a low hydrogen/carbon monoxide mole r a t i o .  

with 0.1 vel% COS i n  t h e  hydrogen stream. 

w e r e  taken a f t e r  22 hours of operation with 0.1 voi$ carbonyl su l f ide  i n  t h e  

hydrogen stream. 

of t he  nickel  i n  t h e  ca t a lys t  - w a s  charged t o  the  c a t a l y s t  bed, and t h e  product 

gas composition had changed only s l i g h t l y  (CH y i e ld  dropped from 98.9 t o  98.2$, 

H20 y i e l d  dropped from 97.5 t o  96.4$, and C02 y ie ld  increased from 0.95 t o  1.95%). 
During t h e  progress of t h e  run, the a c t i v i t y  i n  t h e  top  6 in.  of t h e  c a t a l y s t  

bed was observed t o  gradually decrease. This was evident by t h e  downward move- 

ment on t h e  c a t a l y s t  column o f  t he  major temperature peak. Analysis of t he  

c a t a l y s t  after t h e  run showed t h a t  almost a l l  o f  t h e  su l fu r  was removed i n  t h e  

f irst  6 in .  of  t'ne bed, leaving the balance of t h e  32 in .  f o r  near-normal con- 

vers ion.  

Run 64 w a s  made 

The da ta  f o r  Run 64c (see Table 16 )  

I n  t h i s  length of time, 3.08 g of s u l f u r  - equivalent t o  3.9 wt$ 

4 
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Column Section Analysis 

0 t o  3 in .  o f  ca ta lys t  13.4 w t $  su l fu r  

3 t o  6 in .  o f  ca t a lys t  10.0 w t $  su l fu r  

6 t o  9 in .  of  ca t a lys t  1.0 w t %  su l fu r  

Report No. 2757 

There was about 504'0 nickel  i n  the  ca ta lys t  at the  beginning of t h e  evaluation. 

Hence, t h e  composition i n  t h e  first 3 in .  of t he  bed approaches N i  S which 

contains 26.6% sul fur .  
3 2' 

b. Oxides of Nitrogen 

A newly reduced batch of c a t a l y s t  was used f o r  Run 66 
(see Tables 14, 15, and 16) i n  which 1 vol$ nitrogen oxide (NO)  was added t o  

t h e  hydrogen stream. 

7 hours of operation; a t  a 2.98:l hydrogen/carbon monoxide mole r a t i o ,  good 

conversion was obtained ( f o r  t h i s  low r a t i o ) .  The da ta  f o r  R u n  66c were taken 

after about 10 hours of operation; a t  a 3.44: l  r a t i o ,  conversions w e r e  10% t o  

methane and water, showing t h a t  t h e  ca t a lys t  was not damaged. The temperature 

peak d id  not progress down t h e  column during t h e  run. It W ~ S ,  therefore ,  con- 

cluded t h a t  t h i s  ni t rogen oxide would not i n ju re  t h e  ca t a lys t .  

The da ta  f o r  R w  66b were taken after approximately 

The nitrogen oxide was reduce3 under t h e  conditions of t h e  

reac t ion .  

runs. Additional nitrogen and ammmia were a l s o  found i n  the  vapor phase. The 

ni t rogen material balances showed tha t  about 75 wt$ of t h e  nitrogen oxide was 

converted t o  ammonia, t h e  balance being converted t o  nitrogen. 

About 2 wt$ ammonia was fmnd i n  the  water condensed out from these  

c. Phosphorus 

I n  R u n  67 (see Tables 14, 15, and 16), 0.5 vol$ phosphine 

(PH,) was added t o  the  hydrogen stream. iIlnis run was stopped after less than 

3 hours of operation, a t  which time the ca t a lys t  a c t i v i t y  was f a l l i n g  and t h e  

pressure drop across t h e  r eac to r  was increasing rapidly (0 t o  30 in .  AP i n  

30 min). 

a t ion,  t h e  conversion w a s  s t i l l  good but  it was s t a r t i n g  t o  drop of f  rapidly.  

Inspection of t h e  ca t a lys t  from t h e  run showed t h a t  t h e  majority of t h e  phosphorus 

I n  Run 67b, i n  which t h e  data were taken a f t e r  about 2 hours of oper- 
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w a s  deposited or, t h e  first t h i r d  Gf the bed; t h e  ser-om t h i r d  of t h e  ked con- 

. t a ined  sone pbosphcrus, and t h e  bottom almsst nor-e. 'The usta show t h a t  phosphorus 

i s  a most a c t i v e  c a t a l y s t  pois:r! a53 it w i l l  h3xe tc be removed from t h e  reac tan ts  

p r i o r  t o  contact with t h e  ni-.kel c5 ta lys t .  

T i m e  d id  Cot permi5 the  sturiy of o ther  possible  poisons. 

High corcentrat ions of water ir- t n e  rexzmts are kncwn t o  adversely a f f e c t  

column equilibriufn i f  not t o  e , ? t u s l l y  paison t h e  : s t s ly s t .  

not a poison; it i s  ns rns i ly  rrese5t to some extent i n  t5e product gases. 

gas ami m o n i a  have a l s o  beer, -&.rese5t i; l o w  %ncentra.ticns without dmage t o  the 

ca t a lys t .  

(Carbon dioxide i s  

?Y'ir,rogen 

A series of' rms - i s  made  without any c s t a l y s t  ir, the  r eac to r  t o  

determine whether therrnal eonversian i s  prac.t icai .  'The runs (68a, b, c and d, see 

Tables 14, 15, and 16, brrd Figure 1 4 )  w e r e  mace with a low spa.ce ve loc i ty  ( 5 5 0  

k.;p 

(3 .7: l )  t o  obtain t h e  highest possible y i p M s .  

almost LO conversio- was obtained a t  500 2 .  ?ney shaw ais:, t h a t  the  maxilnum carbon 

monoxide camersior,  (zbout 44%) 'as achieve3 a t  8bout  700 C, and t h a t  a t  tempera- 

t u r e s  zbov- 800'~ t'he cC)Tiversisil flrrps Dff ra .Lid ly .  

carbon di3xide i s  very Iiign (15 t G  25511, 3 2  that the y ie ids  o f  methane and W'a.ter 

are correspondingiy low. Appre.ia-@ie qQar i t i t i es  3f ca.rb.x (1 t o  2 g) were found 

i n  t h e  tube after t h e  rum SD ?,hat sone crazkirg J f  the carbon oxides and/or 

methane occws a t  temperatures of 800 t o  9003C. 

not o f f e r  a s o l u t i o s  t o  t h e  problem d t  haad ( i . e , ,  t h e  quan t i t a t ive  reduction of 

carbon monoxide with hydrogen t 9  metnme m d  water). 

-1 1, high pressure (6.1 a t m :  and high hydrogen/csrbo~ monoxide mole r a t i a  

Tne data. shojJ (see Figure lL> +,hat 
0 

0 

;'he y i e ld  (u l t imate)  of 

This method of reduct icn does 

6. Diseassiori of Eiesuits 

A l l  t k j e e  ca t a lys t s  s tudied w e r e  fsund t o  cataiyze t h e  reduction 

of carbon momxide with hydi-ogen t o  forn methzr-e and vater s u f f i c i e n t l y  w e l l  t o  

be useful ip t h e  second step o f  t h e  carbotnermal process, ,The bare  tube r e s u l t s  

indicated that thermal reducticn of cirDon mcnoxide t o  methane and water i s  i m -  

p r a c t i c a l  f o r  t h i s  process. 
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Of t h e  three  ca ta lys t s  studied, Catalyst  C-0765-1001 was by far 

t h e  best one f o r  use i n  t h e  carbothermal process. It can operate successfully a t  

t h e  stoichiometric hydrogen/carbon monoxide mole r a t i o ,  thereby using t h e  least 

amount of hydrogen and producing a product gas highest  i n  methane. 

capable of yielding a product gas cantaining no carbon monoxide and l i t t l e  or 
no carbon dioxide. These carbon oxides would a c t  as d i luents  i n  t h e  recycle 

stream. 

which minimizes carbon formation, prolongs c a t a l y s t  l i fe ,  and produces no higher 

molecular weight hydrocarbons or other impurit ies i n  e i t h e r  t h e  gas o r  l i q u i d  

phase. 

It i s  a l s o  

Final ly ,  Catalyst  c-0765-1001 operates a t  an unusually low temperature 

Catalyst  C-0765-1001 contains a maximum quantity of ac t ive  

nickel  (5% by weight) s o  t h a t  a given c a t a l y s t  bed can t o l e r a t e  a maximum mount 

of impurity such as su l fur  before it is rendered inact ive.  Although sulfur w i l l  

have t o  be removed from t h e  reactant  gases, t h e  to le rab le  l e v e l  of sulfur may be 

higher than once supposed. Phosphorus quickly poisons and degrades t h e  c a t a l y s t  

s o  t h a t  it should be completely scrubbed from t h e  reac tan t  gases. 

nitrogen, i f  present i n  t h e  reactant  gases, would be reduced. 

Oxides of 

The equipment which was designed and b u i l t  f o r  t h i s  program has 

proved t o  be very e f f e c t i v e  and f l e x i b l e  f o r  t h e  reduction of carbon monoxide and 

hydrogen. The equipment will have t o  be modified f o r  long-term tests and i s  not 

s u i t a b l e  f o r  lunar operation without major modifications. 

E. TASK 5, PROCESS INTEGRATION 

1. The Aerojet Carbothermal Process f o r  t h e  Manufacture 
of Oxygen from Lunar Minerals 

The Aerojet carbothermal process f o r  t h e  manufacture of oxygen 

from lunar minerals (see Figure 15) is  a three-s tep process i n  which hydrogen and 

methane ( o r  carbon) are continuously recycled. 

t inuously and oxygen and s lag  would be the  two major products. 

i n  t h e  rock would be recovered. The energy source would be e i t h e r  s o l a r  or 
nuclear-electr ic .  Waste energy would be radiated i n t o  space. 

Lunar rock would be charged con- 

Any water present 
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The first s tep  i n  the  earbothemal prozess i s  t h e  reduction of 

t h e  s i l i c e t e  material (believe? t o  be a major port ion of the  luner mir-erals) with 

methane, 3emomtration of the f e a s i b i l i t y  of' t h i s  s t e p  w i l l  be undertaken on an 

extension af Contr-act ?XAS 7-225, 

ment designed f o r  t h i s  study i s  preserxed i n  t h i s  sect ion,  

A br ie f  descr ipt ion of the  p r m e s s  and the equip- 

The second s tep  i n  the  zwbothermal process is  t h e  reduction of 

the  carbon monoxide with hydrogen t o  f o m  methane [recycle)  and water. 

b i l i t y  of t h i s  s t e p  has been demonstrated unequivocally on the  present program. 

The equipment used i s  shorn i n  Figures 1, 2, and 3 .  A continuing program i s  re- 

quired t o  determine t b e  operafing charac te r i s t ics  of the  hardware and t h e  c a t a l y s t  

over Frolonged t , i m e  periods ( i .e. ,  60 ta 90 days of continuous operation).  

The feasi- 

Tne t n i r a  s t e p  i n  the zxbothermal process i s  tne e l e c t r o l y t i c  

reduction of the water t o  hydrogen (recycle)  and oxygen (product). Some of t h e  

major problemsin t h i s  s tep  a r e  ( a )  reduction i n  c e l l  weight, ( b )  increasing t h e  

c e l l  eff ic iency (lower over-voltage), and ( c )  lower losses  of e l e c t r o l y t e  and/or 

electrode. Research an3 development or; t h i s  s t e p  i n  t h e  process should be i n i t i -  

a ted promptly. 

In tegrs t ion  of  Steps 1 and 2 

A f t e r  Steps 1 a,rd 2 have been demonstrated separately,  t h e  next 

s t e p  will be t h e  developmesit of an integrated system. It w i l l  not be necessary 

t o  include Step 3 i n  the ictegrrated plant  a t  t n i s  t h e  as t h e  t t i r d  s t e p  can be 

depended uporz t o  produce 99.% pure hydrogen xhich i s  not mea.surably d i f f e r e n t  

from commercially ava i lab le  hydrogen. 

Figure 16 shows a f ly4  diagram f a r  the  i n t e g r s t i o n  of Steps 1 

and 2. I.IydrDgen, carbon monoxiCe, arid methane -4onld be Gsed t o  s ta r t  up Steps 1 

and 2 independeztly. Then the  methane and carbon mcnoxide would be shut of f  and 

t h e  gases from Step 1 would be fed ziirectly t 3  Step 2 aloEg with enough hydrogen 

t o  make up f o r  t h e  hydrogen t h a t  i s  l o s t  in t h e  prcduct iot  of w a t e r .  Small 

mounts  of e i t h e r  methace or carbon monoxide w o d d  be added t o  make up f o r  any 

l o s s  of carbon. 

continuously by means o f  a variable-speed s c i i d s  feeder. The s1s.g w i l l  be re- 

moved in te rmi t ten t ly  u t i l i z i n g  a hea.ted 7 ~ a l ~ e  o r  by continuocls removal f a c i l i t i e s .  

The crushed r o z k  (simulzting lunar mirera l s )  w i l l  be added 
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3 ,  Design of t h e  Reactor f o r  t h e  Reduction of S i l i c a t e  
Minerals with Methane 

The s i l i c a t e  rock reduction furnace shown i n  Figure 17 was de- 

signed f o r  t h e  study of bas ic  engineering considerations.  

t h e  methane and/or hydrogen i n t o  t h e  m e l t  have been carefu l ly  s ized f o r  v e l o c i t i e s  

and rates of gas feed as r e l a t e d  t o  equipment capacity and reac t ion  period. 

Methane must be released from t h e  feed tube a t  a temperature below i t s  cracking 

tem-perature, approximately 1000 C. 

Tubes (1)" carrying 

0 

Heat i s  supplied by means of induction e l e c t r i c a l  current ,  

450 kc frequency (2) .  

have minimum e f f e c t  on t h e  e l e c t r i c a l  f i e l d .  

temperature of t h e  tungsten c ruc ib le  (4)  which w i l l  contain the  rock m e l t .  

The reac tor  mater ia ls  accordingly have been se lec ted  t o  

A radiometer head (3) controls  t h e  

F a c i l i t i e s  are provided f o r  evacuating t h e  reac tor  and purging 

Evacuation with argon before feeding i n  t h e  normal methane/hydrogen atmosphere. 

and argon purge w i l l  precede shutdown also.  

be i d l e  and valve (6)  closed t o  the  system. 

The vacuum pump ( 5 )  will normally 

Fine regulat ion of gas flow has been provided by manometers, 

pressure gages and o r i f i c e  p l a t e s  for  methane (7), and hydrogen (8). 
meter (9)  provides product gas measurement. 

A w e t  tes t  

A gas chromatograph (10) monitors t he  carbon monoxide, hydrogen, 

and methane content of t h e  e x i t  gas. Water i s  extracted ahead of t h e  chromato- 

graph by drying tubes (11). 

during i n i t i a l  melting of t h e  rock, an a s c a r i t e  tube (12) i s  provided f o r  i t s  

quan t i t a t ive  co l lec t ion .  

o r  similar type of analysis ,  t o  be made a t  a d i f f e r e n t  locat ion.  

A s  carbon dioxide should only be present ,  i f  a t  a l l ,  

A sample s t a t ion  (13 ) provides f o r  mass spectrograph, 

The rock reac tor  i s  provided with temperature cont ro l  (14) a t  

i t s  midpoint. 

rock m e l t .  

An op t i ca l  pyrometer (15 1 provides temperature indica t ion  f o r  t h e  

A thermocouple (15) provides temperature of gas i n l e t  t o  rock m e l t .  

* 
Numbers refer t o  coding system used i n  Figure 17 t o  label r eac to r  components. 
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The rock reductions w i l l  i n i t i a l l y  be studied by melting i n  

These crucibles  (not shown) s i t  ins ide  t h e  tungsten c ruc ib le  (4), 
aluminum oxide (99.5% A1 0 

crucibles .  

ac t ing  as t h e  furnace l i n e r .  

tungsten crucible  and quartz re ta ining cylinder (17). 
remote l e n s  and mirror (18). 
Cooling i s  provided by a i r  streams plus t h e  water-cooled induction c o i l  (19) and 

water condenser (20). 

sa fe ty  has been provided by using metall ic piping and valves as much as possible.  

A system pressure relief i s  provided (21). 

t h e  o u t l e t  gas l i n e  t o  protect  the  system. 

working temperature 1 9 5 O O C )  o r  zirconium oxide 
2 37 

Zirconia (16) insu la t ion  i s  provided between t h e  

The m e l t  is  viewed by 

The rock reac tor  i s  enclosed by a Pyrex b e l l  jar. 

The reactor  i s  enclosed i n  a safe ty  shield.  Additional 

A flame arrester (22) i s  placed on 

IV. PERSONNEL 

The senior  staff pr imari ly  assigned t o  t h i s  program was comprised of S. D. 
Rosenberg (Project Manager), G. A. Guter ,  F. E. Miller, M. Rothenberg, and 

G. R. Jameson. 
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REDUCTION OF CARBON MONOXIDE UITH HYDROGEI, 
PRELIMINARY RUNS 

(PRODUCT GAS UUYSIS)~ 

Comrioaition of Product Gas 

NO *2 - -  co cH4 c02 - -- H2° - 
5 65.4 1.20 0.50 32 .O 0.9 
8 70.0 1.20 0.30 25.8 2.7 
9 63.5 1.20 0.20 30.9 4.2 

a Three t o  s i x  gas sample8 were obtained during the course 
of each run, at 1- to  2-hour intervals.  The average 
analysia resul t ing from these saaples f o r  each run is re- 
ported here. 
mass spectrometric analysis, excepting water vapor. The 
water vapor concentration was assumed t o  be fixed by the 
condenser water temperature (10°C) . This assumption was 
spot-checked periodically by vapor-phase chromatography 
and w a s  found t o  be correct. 
f o r  higher hydrocarbons; none were found. Liquid water 
samples were spot-checked f o r  carbon-containing compounds: 
none were found. 

The composition of the gas w a s  determined by 

Each gas sample w a s  checked 

Table 2 



RUn 
NO. - 

H ~ C O  

Mole 
Ratio - 
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TABLE 3 

REDUCTION OF CARBON MONOXIDE WITH HYDROGEN, 
PRELIHINARY RUNS 

(CO COHVEXSION AND PRODUCT TIELD) 

Nominal Actual 

Space 
Velocity 

(hl.-l) 

Catalyst 
Bed 
Tern 
( O C P  

Overall 
Material 

Product Yield 
(mole$) 

- - -  H20c cH4 c02 

5 4.2 503 - 100 98.6 90.1 94.1 3.2 
8 4.0 503 270 101 99.4 05.5 01.7 0.5 
9 4.0 503 205 101 99.4 00.0 79.4 10.0 

Standard cu ft/hr of reactants a Space Velocity = . cu f t  of  catalyst  

Average of the top, n ld ,  and bottom temperature points of the catalyst  bed. 

Based on t o t a l  of l iquid and gaseous fractions,  C 

Table 3 
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RUn 
100. 

10 
11 
12 
13 
10 
19 
20 
21  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
35 
36 
38 
39 
40 
41 

- 
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w!za 
BIEDDCTIOB OF CARBOB HOIWXIDE WITH HYDROGEE, 

CATALYST C-0765-1005 
(PRODUCT GAS ANALYSIS)~ 

Composition of Product Gse 

HZ0 - 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
1.21 
00 17 
0.20 
0.20 
0.20 
0.20 
1.21 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

eo 

0.38 
9.34 
0.39 
0.52 
0.33 
0.24 

- 

0.30 
0.50 
0.52 
00 59 
0.69 
0.02 

0.01 
0.12 
0.07 

0.00 
0.03 
0.12 

0.01 

0.02 

0.01 
0.01 
0.03 
0.03 
0.02 
0.15 

* Three t o  six gae samples were obtained during the c o m e  of each run, 
The average analysis resul t ing from these a t  1- t o  2-hour intervals. 

samples for each run is reported here. 
determined by mas6 spectrometric analysis, excepting water vapor. 
water vapor concentration was assumed to  be fixed by the condenser 
water temperature (10%) . 
by vaporphase chromatography and was found t o  be correct. 
f i rs t  24 runs CO determinations were made by mass spectrometric analysis. 
In subsequent rune CO analyses were made by gas chromatic methods which 
were found to  be more sensit ive to  the extremely low concentrations of 
CO obtained. Gas samples were checked f o r  higher hydrocarbons; none 
were found. Liquid water samples were checked for carbon-containing 
compounds; none w e r e  found. 

The composition of the gaa waa 
The 

T h i s  assumption was spot-checked periodically 
During the 

Table 5 
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TABU 7 

E m C T  OF REACTION TIHE OW CATALYST BED PRESSURE DROP, 
CATALYST C-0765-1005 

RUn 
NO . 
8 

22 

24 
26 
35 

- 

13 
33 
42 

Space Velocity Bed Pressure 
b-1) ( a d  

503 1.0 
778 1.0 
lo00 1.0 

1005 7.1 
976 6.1 

503 
996 
350 

1.0 
6.1 
1.0 

Pressure Drop 
AP 

(in. of H20) 

2.0 

3.5 
0.7 

7.0 
7.5 

2 .a 
110 
15 .O 

Table 7 



RUn 
No . 
10-4a 
10-4b 
10-4c 

11-6s 

- 

11-6b 
11 -6~  

19-3a 
19-3b 
19-3c 

27-a 
27-b 
27-c 

32-a 

32-c 

40-a 
40-b 
40-c 

32-b 

Sample 
Location 

'POP 
Hid 
Outlet 

TOP 
Mid 
Outlet 

TOP 
Hid 
Outlet 

TOP 
Mid 
Outlet 

TOP 
Mid 
Outlet 

TOP 
Hid 
Outlet 

~ 
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TABLE 8 

REACTION CAS COMPOSITIOP, 
CATALYST C-0765-1005 

Gas Comosftlon 
(vel$) 

co cH4 c02 

* Gas samples were removed from the reactor,  
the t o p  of the catalyst  bed, respectively, 

10-8 
34-1 
37.3 

0 

43.5 
- - 

45.1 

0 

0 

44.9 

- - 
48.7 

- 
0 

47.1 

4.9 
3.9 
3.6 

6.8 
2.4 
1.1 

6.0 
1.3 
0.3 

4.2 
1 e o  

0.2 

4.5 
1.0 
0.3 

5-2 
2.0 
0.6 

12 and 24 in. from 
and analyzed. The 

r e su l t s  are compared with the product gas analysis, 

Table 8 
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TABLE 10 

BEDUCTION OF CARBOB MONOXIDE WITH HYDROGEN, 
CATALTST C-0765-1001 

(PRODUCT GAS ANALYSIS) 

Composition of Product Gas 
- (vel%) 

c02 No. - H2 - H2° - 5 -  co EUn 

45 
46 
47 
48 
49a 
51 
52b 
53 
54 
55 
56 
57 

49.4 
49.4 
51.5 
48.4 

53.0 
8.9 

38.5 
17.7 
9.3 

12 -0 
18.9 

50.8 

1.20 
1.15 
1.15 
1.15 

1.15 
1.14 

1.15 

1.14 
1-14  
0.20 
0.20 
0.20 

0,o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

49.4 
49.4 
47.3 
50.4 
48.1 
45.9 
91.5 
60.4 
80.5 
90.2 
86.6 
70.6 

0.00 
0.00 
0.00 
0.05 
0.00 
0.00 
3-50 
0.00 
0.65 
0.35 
1.27 
2-25 

Table 10 
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TABLE 12 

CATALYST BED PBESSDBE DROP, 
CATALYST 0-0765-1001 

Space Velocity 
(b-1) 

~ 

500 
750 
lo00 
1480 
lo00 
2000 
810 
loo0 
lo00 
1500 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
6.1 
6.1 

Preasure Drop 
AP 

(in. of H20) 

1 
1 
2 
3.5 
2 
6 
1.5 
1.5 

> 1  
2 

Table 12 
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TABLJ3 13 

EEACTABT GAS CARBOII DIOXIDE CONTENT VERSUS CATALYST BED DEPTH, 
CATALYST C-0765-1001 

Bun 
a0 . 
45 
46 
47 
48 
51 
55 
57 

- 
space 

Velocity 
b-1) 

500 
750 

lo00 
1481 
2010 
lo00 
1500 

cop Analysis 
(YO1 P) 

Top Third Xid Third 

0.4 0.0 
1.6 0.0 
2 07 0.3 
4.6 0.8 
3 08 0.2 
4.9 1.0 
6.1 3.0 

Outlet 

0.00 
0.00 
0.00 
0.05 
0.00 
0.35 
2.25 

Table 13 
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Table 14 



RUIl 
No . 
60 
61 

- 

63b 
64c 

66b 
66c 

67b 

68a 
68b 
68C 
68d 
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.TABLE 15 

REIIUCTION OF CARBON HONOXIDE WITH HYDROGEBi 
(PRODUCT GAS AN~LYSIS) 

Composition of Product Cas 
( V O S )  

*2 - c02 5 - - - - cH4 co H2° - H2 - 
53.9 0.20 0.0 45.7 0.2 - - 
16.4 0.20 0.01 79.2 4.1 I 0 

6.0 0.20 0.0 92.9 0.9 - - 
5 00 0.20 0.0 93.2 1.6 - - 
4.0 0.20 0.0 93.3 1.0 0.2 0.5 
21.8 0.20 0.0 77.2 0.0 0.3 0.5 

10.0 0.20 0.0 88.4 1.4 - - 
71.0 0.20 16.9 8.7 3.2 0 - 
70.9 0.20 16.9 9.5 2.6 - - 
71.0 0.20 15.9 10.9 1.9 - - 
75.0 0.20 18.6 5.2 1.0 - - 

Table 15 
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Table 16 
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Flow Reactor for Reduction of CO w i t h  H During Construction 
Figure 2 2 
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2 Figure 3 
Flow Reactor for Reduction of CO w i t h  H 
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Figure 4 
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Figure 9 
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Figure 13 
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